Field observations showed that in many gravel-bed rivers, rice stems and gravel interact with each other and affect the flow structure. This calls to conduct research in more details in laboratory to better understand impacts of interaction between rice stems and gravel bed rivers on the flow structure. The outcome of such investigations can improve the estimation of drag coefficient in hydrodynamic models. Experiments were carried out in a flume with gravel bed and the vegetated vertical flume walls to investigate turbulence characteristics under favorable pressure gradient flows. Results showed that the stress fraction involves both the sweep and ejection dominance near the vegetated flume walls, showing no negative Reynolds shear stress near water surface. The values of exuberance ratio play a significant role on the magnitude of the Reynolds shear stress which varies with the distance from the vegetation. Quadrant analysis reveals that a major part of the momentum flux is transported during a short period of strong turbulence activity near the bed at the central axis. Augmentation of the hole size makes difference between contributions of sweep and ejection with those of the outward and inward interactions near the bed, however, the hole size doesn't play any role near the water surface.
INTRODUCTION
Favorable pressure gradient (FPG) flow in which velocity increases and depth decreases in flow direction, occurs in many natural channels/rivers, such as flow over bed forms and meandering rivers. Literature review in FPG flow reveals that the distributions of velocity, Reynolds shear stress and turbulence intensities under condition of steady flow have been investigated over smooth bed (Kachwal et al., 2012) ; over two dimensional bed forms (Mazumdar et al., 2009) ; over gravel-bed channels (Afzalimehr and Rennie, 2009; Afzalimehr et al., 2010; Song and Chiew, 2001) ; over sand bed with sediment transport conditions (Emadzadeh et al., 2010; Jamieson et al., 2013; Liu et al., 2012; Rennie et al., 2002) ; over cobble bed (Afzalimehr, 2010) ; and over vegetated bed (Afzalimehr et al., 2011; Ghisalberti and Nepf, 2006; Järvelä, 2005; Luhar et al., 2008) . Yue et al. (2007) conducted a case study in a flume that the channel bed covered by canopy. By using PIV, they did the measurements near the canopy. They compared LES and measurements near the tip of the canopy by means of a quadrant-hole analysis of turbulent kinetic energy, vorticity, and dissipation rate. The simulation results confirmed that sweeps contribute the largest fraction of turbulent kinetic energy, vorticity, and dissipation rate inside the plant canopy; whereas the magnitudes of the vorticity and dissipation rate at the top of the canopy are highest in the first quadrant.
All these studies under the FPG flow condition gave almost similar results for both Reynolds stress and turbulence intensities which are different from those for zero pressure gradient (ZPG) flow.
Turbulence structure in uniform open-channel flow over rough beds has been investigated by many researchers (e.g., Dey and Nath, 2010; Graf and Altinakar, 2002) . Properties of the flow over rough beds influence the turbulence structure, as pointed out by Leonardi et al. (2003) . Identification of turbulent flow structure in open channels is of primary interest in environmental hydraulics since the turbulence plays an important role in mass and momentum exchanges.Coherent structures distribute both particles and pollutants across the whole water column much faster than small scale turbulence (Hurther et al., 2002) . Coherent structures have a short life span, and they cannot be identified by means of a time-averaged analysis. Therefore, it requires an investigation based on measurements considering changes with both time and location. In laminar and transitional flows, coherent structures occur periodically, whereas in turbulent flows they occur randomly and change with both location and time. Hence, conditional sampling and statistics techniques have to be used in the detection and characterization of coherent structures. The conditional statistics technique may be applied to quasi instantaneous velocity samples obtained from the ADV measurements. Several investigators applied conditional statistics to turbulence studies (Lu and Willmarth, 1973; Nakagawa and Nezu, 1977; Raupach, 1981) . Literature review in coherent structures indicated the importance of conditional statistics in sediment transport (Cellino and Lemmin, 2004; Keylock et al., 2014) ; and obstacle marks Mazumder, 2012, 2013) . However, the turbulence structure in FPG flow over a rough bed in open channels, has received less attention compared to the ZPG flow because it is often assumed that flow is uniform or quasi uniform in river engineering studies.
Understanding the influence of FPG flow on the turbulence structure is very important for evaluating the resistance to flow and transport of sediment in rivers with gravel bed and vegetated walls. Consequently, a more detailed study on the interaction of the FPG flow in gravel-bed channels with vegetated walls is needed to improve our understanding in determining key parameters such as Reynolds stress in environmental hydraulic. To our knowledge, no study has been reported on coherent turbulence structure in a gravel-bed channel with vegetation in vertical walls for FPG flow. In rivers, flow characteristics, such as non-uniformity in velocity and Reynolds stress distributions, are affected by aquatic vegetation, showing the necessity to consider these variations in hydraulic modelling.
The objective of the present study is to investigate the turbulence characteristics of FPG flows in a flume with a gravel bed and vegetated vertical walls, namely, 1) the impact of FPG flow in a flume over gravel bed and vegetated flume walls on the distributions of stress magnitudes; 2) the relationship between exuberance ratio and magnitude of Reynolds stress at different normalized flow depth (y/h, y is a distance from the bed and h is the flow depth) and different quadrant holes (threshold level in the Reynolds stress signals).
BACKGROUND

Conditional statistics of Reynolds shear stress
Coherent structures have a short life span and cannot be identified by means of a time-averaged analysis. Thus, the coherent structure changes with both time and locations and should be examined. It is found that fluid motion near a bed is not completely chaotic in nature, but it is a clear "sequence of ordered motion". Such coherent motion is called the bursting process. Conditional sampling and statistics techniques are used to detect and characterize the coherent structures. One of the widely used conditional sampling techniques is the quadrant analysis of the Reynolds shear stress.
Results of the quadrant analysis can provide information about the processes of turbulence production by sorting the instantaneous values of the Reynolds stress, u'w' into four categories according to the sign of the two fluctuating components, where u' and w' are velocity fluctuation components in the longitudinal and the vertical directions respectively. Accordingly, turbulent events are defined by the four quadrants as outward interactions (i = 1; u´ > 0; w´> 0), ejections (i =2; u´ < 0; w´ > 0), inward interactions (i = 3; u´ < 0; w´ < 0), and sweeps (i = 4; u´ > 0; w´ < 0). Results in quadrants 2 and 4 mean the positive downward momentum flux, and are involved in turbulence near-bed bursting. The quadrant analysis has been applied to canopy turbulent flows, e.g. wheat and bushes, over rigid and flexible canopies (Afzalimehr et al., 2011; Ghisalberti and Nepf, 2006) over intensive grass.
At any point in a steady flow, the contribution to the total Reynolds shear stress from quadrant i, excluding a hyperbolic hole region of size H, is given by (Yue et al., 2007) [ ]
where T is the sampling time period, and square brackets denote a conditional average and the indicator function I i,H is defined as (Yue et al., 2007) , 
In which parameter H = hole size, is a threshold level in the Reynolds stress signals which enables to extract the values of |u'w'| from the whole set of data which are greater than H ' ' u w . Using (2), the contribution to Reynolds stress (u'w') can be extracted from each quadrant for various hole sizes. Steiner et al. (2011) found that the number of events and event duration decreases as H increases and thus the contribution to momentum and heat flux decreases. Lu and Willmarth (1973) claimed that when the hole size H becomes large, there are only two contributions. One is ͠ uv 2 and the other one comes from the 'hole' region. Thus, the burst-like events in the turbulent boundary layer are important. For a hole size of H = 4.5, which |uv| >10 uv , there is still a contribution of about 15-30% to uv from the second quadrant, i.e. ͠ uv 2 / uv ≈ 0.15-0.30. At this level there are nearly no contributions from the other three quadrants. As pointed out by many researchers, the H value is beyond the limit of 0 to 8. As claimed by Yue, et al. (2007) , the stress fraction is given as following:
By definition, S i,H < 0 if i is even (sweeps and ejections) and S i,H > 0 if i is odd (outward and inward contributions).
To assess the strength of signals of turbulent events, the duration of the turbulent events is also computed by suing following equation (Yue et al., 2007) [ ]
is the ratio of the number of events at hole sizes exceeding a particular level to the total number of turbulent events.
The quadrant fractions obtained from (3) do not consider the event duration. The normalized magnitude of a quadrant event, which considers the event duration, is determined as (Yue et al., 2007) , , ,
The above equation can be used to assess the strength of event signals compared to the event fraction. All calculations for assessing the contribution of each quadrant to the Reynolds shear stress were performed by a written program in Matlab. In this study, the value of hole size is determined based on satisfaction of the equation (2). The range of H used in from 0 to 8 for our analysis as considered in other studies (Afzalimehr et al., 2011) .
EXPERIMENTAL SETTING UP
Experiments were carried out in a 8 m-long, 0.4 m-wide, and 0.6 m-deep rectangular flume in the Hydraulics Laboratory of Isfahan University of Technology, Iran. A tail gate located at the end of the flume controlled water level during the experiments. A pump with a maximum discharge of 50 l/s circulated water from a sump. An electromagnetic flow-meter was installed in the supply conduit connected to the flume to continuously measure the discharge passing through the channel. Water depth was measured by using mobile limnimeter along the flume. The value of dh/dx which is used to calculate the pressure gradient parameter (β) was determined from the continuous water surface profile, adjusted by a spline fit technique to the flow depth measurements. To minimize the errors, the flow depths measurements along the flume center line were taken in this study. For each run, 20 measurements were obtained along the entire flume.
The gravel particles were used with a median diameter ( Rice is cultivated around of many Iranian rivers; however, no information is available on the impact of rice stems on flow structure. To understand the interactions of rice stems in walls, gravel bed and FPG flow on turbulence characteristics, the flume walls were covered by rice stems by 0.74 cm mean diameter of stems that collected from the floodplains of rivers in the central Iran. Rice, which planted in wet environment, had 30% submergence in floodplains. The planting density (a linear length along the flume) was 400 stems/m with 5 mm thickness with the degree of submergence of vegetation in water from 0.42 to 0.46 without any flexibility. To prevent the vegetation cover from washing away from on the flume walls, they were stuck and stitched by a thin cotton wire over a plastic carpet and it was stuck to the flume walls (Figure 1) .
A down looking Acoustic Doppler Velocimeter (ADV), developed by NORTEK was used to measure the instantaneous three-dimensional velocity components. The ADV was set on tracks above the flume and could be moved easily in both vertical and horizontal directions. The measurement error of mean velocity is less than ±2.5 mm/s (or ±1%). Velocity measurements were recorded for each point with a sampling frequency of 200 Hz and a sampling volume of 5.5 mm 3 . The duration for each measurement was 120 seconds, resulting 24000 instantaneous velocity data for each point. The correlation and signalto-noise ratio (SNR) were recorded in the ADV file for each probe beam. To obtain high quality data from the ADV, SNR values must be greater than 5 dB for mean flow velocity measurements and greater than 15 dB for measurements of instantaneous velocity or turbulence quantities. "Win ADV" software was used to filter data. The measurements with average SNR values less than or equal to 15 dB and average correlation less than or equal to 70% were filtered out. The velocity data collected by ADV were analyzed to compute the mean flow, Reynolds stress and turbulence characteristics for each point.
For each velocity profile, the point with the largest velocity measured is defined as the maximum velocity, and determination of shear velocity is referred to the logarithmic law. The flow velocity distribution over gravel beds can be presented near the bed (the inner region y/h < 0.2) by the logarithmic law as follow (Graf and Altinakar, 1993) :
where u * is the shear velocity, κ is von Karman's constant taken as κ = 0.4, d 50 is the median gravel size and C in the constant integration. The bottom slope was fixed by varying the thickness of the gravel layer along the flume to obtain a slope of -1.5% (i.e. minimum thickness was 3 cm at the flume entrance and maximum thickness was 14.5 cm at the downstream end of flume). The negative bottom slope demonstrating the reverse slope can generate an accelerating flow. Flow discharge of 25 l/s is set up for this study. To investigate the influence of vegetated walls on velocity and Reynolds stress at each section, flow velocity was measured at distances of D = 0.03 and 0.20 m from the vegetated wall. The number of points for velocity measurements in each profile ranged from 29 to 34, depending on the depth of water.
To verify the occurrence of the FPG flow, depth variation and flow velocity distribution must be measured at different sections. The channel reach for measurement was located downstream of the section where the upper limit of boundary layer reaches the water surface. Also fully developed uniform flow occurs at a distance of x = 4.2 m downstream from the flume entrance for a water depth of 0.25 m. In this study, both flow depths and velocity distributions were measured at three sections 5.0 m, 5.5 m, and 6.0 m from the flume entrance. To have the favorable pressure gradient, it is necessary to present the effect of longitudinal pressure gradient. Graf and Altinakar (2002) defined a dimensionless pressure gradient (β) as follow (Kironoto and Graf, 1995) 
In which h is flow depth, τ 0 is the bed shear stress, γ is specific gravity of water, S 0 is the bed slope and ∂h/∂x is the flow depth variation along the flume. For the ZPG flow, ∂h/∂x is zero; therefore β equals to -1. It is showed that β remains constant for equilibrium flow, showing approximately constant values for β along a flume. For this experimental study, the calculated β ranged from -5.68 to -5.92, confirming the equilibrium flow. In addition, when β > -0.5 the flow is in equilibrium, confirming that for the present study the flow is in equilibrium. The equilibrium flow (constant β) makes possible to generalize the results for flows with pressure gradient because such a flow does not depend on its upstream sections and allows for drawing the results based on experimental data at a section (Graf and Altinakar, 2002) . Accordingly, in this study, only the results of the last cross section (6 m from the entrance) and different dis- Turbulence characteristics of favorable pressure gradient flows in gravel-bed channel with vegetated walls tances (D = 0.03 m and 0.20 m) from the vegetated walls will be investigated and discussed. In this section, the water depth was 25.5 cm.
ANALYSIS AND RESULTS
Reynolds shear stress and turbulence intensities
Figures 2a, 2b, 2c & 2d represent three components of velocity, shear stress and turbulence intensities respectively for both FPG and ZPG flows. Due to limited space it is not shown in these figures that the two components of u'v', and v'w' have small magnitude near zero. However, near the bed with a water depth of y/h < 0.2, the absolute values of dimensionless shear stress were increased up to 0.8. This result can be due to narrow experimental flume and occurrence of secondary currents. As a consequence, since the third component of shear stress (u'w') is very important, the main task of our research is to study u'w'. Figure 2b displays the vertical profiles of Reynolds shear stress for both FPG and ZPG flows. For ZPG flow, the maximum Reynolds stress occurred at the bed, and then decreased toward the free surface with zero value at y/h ≈ 0.65 and negative values near the water surface. For FPG flow at the centerline of the flume, the maximum Reynolds stress occurred near the bed (y/h = 0.03). Similar to changes in the Reynolds stress in the ZPG flow, it decreased toward the free surface with zero value at y/h ≈ 0.61, and smaller negative values zone then the uniform flow near the water surface. These findings are not in agreement with results of Graf and Altinakar (2002) and Song and Chiew (2001) because they did not obtain any negative Reynolds stress near the water surface. In addition, they claimed that a concave form for the Reynolds shear stress distribution over gravel-bed flume with glass walls. Reynolds stress distribution displays a Z-shape pattern near the vegetation cover, showing two peaksone at y/h = 0.16 and another at y/h = 0.67. At these two peak points the ratio of negative to positive contributions to the momentum flux are maximum and minimum, respectively. As it is mentioned in the experimental setting up, a down looking Acoustic Doppler Velocimeter (ADV) was used to measure the instantaneous three-dimensional velocity components. This device can't be used to conduct measurement for the 5 cm top layer of the water surface. According to the decreasing trend of shear stress distribution, it seems it can be either zero or close to zero, at the water surface.
The stream-wise turbulence intensity component ( ( ) * ′ u u 2 ) was presented for the FPG flow at the centerline and 3cm from vegetation cover, as well as for the ZPG flow in Figure 2c . Also, the vertical component of turbulence intensity
was presented in Figure 2d . One can see from these figures that the distribution of turbulence intensity has the concave pattern for both FPG and ZPG flows at the centerline channel. These findings confirm the results of Graf and Altinakar (2002) and Song and Chiew (2001) . However, for the FPG flow, the occurrence of strong secondary currents by the joint effects of aspect ratio and vegetation caused a convex distribution for both ( ) Figure 3a shows the dominant turbulent events over the entire flow depth at the central axis of the flume. It is found that the role of ejection and sweep decreases as roughness increases, whereas the contributions of outward and inward to the Reynolds stress become significant. The results of our research indicate that for H ranging from 0 to 8 ( Figure 4 shows the hole sizes H only from 0 to 3 due to space limitation), two regions can be distinguished over the entire flow depth: the first region with a water depth of 0 < y/h < 0.55, and the second region with a water depth of 0.55 < y/h < 0.80 (the maximum flow depth where data collected by ADV). In the first region, the dominant event is sweep, followed by ejection, then outward and inward interactions respectively. Also, in the first region, sweep and ejection are the most frequent events while the outward and inward events have the shorter time fraction with smaller shear stress than the absolute values of the sweep and ejection contributions. This indicates that the momentum transfer between the flow and channel bed is mostly carried by sweep and ejection events. In the second region, the contributions of outward and inward interactions are more important than those of sweep and ejection. This shows that the outward and inward events have an important effect on Reynolds stress far from the bed (y/h > 0.55). Although near the bed, sweep is more frequent than ejection, by increasing the hole size, the percentage of time occupied by ejection increases compared to that of sweep. Figure 3a also shows that at the central axis of the flume, the percentage of occurrences of the outward and inward increases when H increases. However, sweep and the ejection events increase and then decrease near the water surface for 0 < y/h < 0.2. The larger values of sweep and ejection cause negative sign for u'w' in quadrant 4 (sweep) and quadrant 2 (ejection), resulting in positive Reynolds stress for 0 < y/h < 0.55 at the central axis of the flume, as shown in Figure 2 . Figure 3b ) and the bed up to y/h = 0.2, the sweep and ejection show similar effects for different hole sizes. However, due to the effect of secondary currents and the vegetation, the outward contribution also plays an important role near the bed. Near the water surface (up to the last measured point by ADV), both ejection and outward are dominant events. Also, Figure 3b shows that the contribution of ejection and sweep near the vegetated walls decreases toward the water surface up to y/h = 0.75, while it decreases at the central axis of the flume up to y/h = 0.5. It seems that turbulence is much less anisotropic near the vegetated walls compared to that along the center of flume, showing contributions in all four quadrants. The effects caused by vegetation, the secondary currents and the FPG flow prevent a decreasing trend of sweep and ejection and an increasing trend of the outward and inward contributions in the region of y/h < 0.5 for larger hole sizes.
Quadrant analysis
Typically, sweeps exceed ejections by a factor ranging between 1.1 and 2.3. However, values ranging from 3 to 4 (larger sweep-to-ejection ratios) are noticed when turbulence intensities are high, as is commonly observed near plant canopies. Figure 4 presents the contribution of each quadrant to the stress fractions. At the central axis of the flume, with the water depth up to y/h = 0.5, ejection , and sweep , contribute more to the Reynolds stress with an increasing trend; however, toward the water surface the outward and inward contributions reveal more important role. Also, increase in the hole size leads to different contributions of sweep and ejection with those of the outward and inward near the bed. However, no change is observed near the water surface. On the other hand, near both the vegetated wall and the channel bed, considerable scatters are observed with a decreasing trend up to y/h = 0.65 and then an increasing trend toward the water surface. Accordingly, in the zone near the vegetation and very close to the bed (y/h < 0.1) ejection and sweep events are dominant and the Reynolds stress sign is positive, as shown in Figure 2 . However, in the zone with a water depth of 0.1 < y/h < 0.2, the outward contribution is dominant, and the Reynolds stress has a negative value (see Figure  2) . Figure 4 also indicates that for a water depth of y/h > 0.2 and close the vegetated walls (D = 3 cm), the stress fraction receive more contribution by the sweep and ejection. That is why no negative values of Reynolds stress is observed near the water surface and close the vegetated walls, as shown in Figure 2 . However, near the water surface at the central axis of the flume, the stress fraction is mainly contributed by the outward and inward contributions (Figure 4) where negative values of Reynolds stress are observed (see Figure 2) . Figures 5a and 5c show the ratio of upward to downward components, |(S 1,H + S 3,H )/(S 2,H + S 4,H )|, where S 2,H and S 4,H are negative, called the exuberance ratio (E.R). This ratio is a measurement of the upward momentum transfer against the overall downward flux, showing the exuberant nature of the flow. Comparing Figure 5a to Figure 5c , it is found that this ratio increases from the bed toward the water surface at the central axis of the flume (Figure 5a ). However, near the vegetated walls, this ratio increases up to a depth of y/h = 0.2 and then decreases toward the water surface (Figure 5c ). The exuberance ratios approaches to zero for E.R< 1 in Figure 5a , revealing positive sign for Reynolds stress (see Figure 2) . However, the values of E.R > 1 illustrate negative sign for Reynolds stress values near the water surface at the central axis of flume (see Figure 2) . On the other hand, the values of E.R >1 near the vegetated walls (Figure 5c ) display the negative signs for Reynolds stress values in Figure 2 . In addition Figure 5c shows that for y/h > 0.2, E.R decreases, leading to positive sign for Reynolds stress values in Figure 2 . Comparing Figure 5b to Figure 5d , one can see that near the vegetated walls, the ratio of sweep to ejection is more than 1 excepting very close the bed (y/h < 0.05). However, this ratio approaches 1 at the center of flume except near the water surface. Also, by increasing the hole size, the ratio decreased near the bed at the central axis of the flume (Figure 5b ), but it increased near the vegetated wall and the minimum ratio is located near the bed (Figure 5d ). It is found that the relatively small exuberance values, ranges between about -0.13 and -0.19, within corn (Shaw et al., 1983) . The values range between about -0.3 and -0.8 for 3D wind velocity components were reported in the canopy with fullyleafed and for wheat (Finnigan, 1979) .
DISCUSSION
The importance of short-lived events of large magnitude is demonstrated by performing a quadrant analysis with an excluded hole region of various sizes. Figure 6a Figure 6c shows the stress fraction S H f (sum of the four quadrant fractions) versus the hole size for five different water depths, namely, y/h = 0.03, 0.08, 0.13, 0.37 and 0.65 near the vegetated walls. Accordingly, the changes in hole size from zero to 2.5 has not a significant effect on the stress fraction (S H f ),but all selected water depths show a decreasing trend for the hole sizes more than 2.5 except at y/h = 0.13. This can also be attributed to negative sign of Reynolds stress at y/h = 0.13 in Figure 2 . A measure of intermittency is obtained by considering both stress and time fractions. Figure 6b shows the duration D H versus the hole size at the five different water depths at the centerline of flume. The durations at the three lowest water depth (y/h = 0.03, 0.08 and 0.13) drop at almost the same rate with variation of hole size. However, for higher flow depth (y/h = 0.37 and 0.65), the rates of drop in durations due to the changes of H are considerably different. Figure 6b shows that a relatively large fraction of the total stress occurs in small durations (fractions of total time). For example, at H = 5, one half of the stress fraction is due to the events occurring 10% of the duration for the flow near the bed (y/h < 0.13). Similar results were reported in some researches, demonstrating that much of the momentum flux is transported during periods of strong turbulence activity occurring over short durations. This result was not observed for high values of y/h (e.g. y/h = 0.65). However, near the vegetated walls and near the bed (y/h = 0.13) at H = 5, most of the stress fraction is due to the events occurring 80% of duration (Figure 6d ).
The quadrant fractions described above do not consider the event duration for finding the signal magnitude for the different quadrant events. The normalized quadrant magnitudes of the momentum flux defined in equation (5) are presented at the center of flume in Figure 7 . The magnitudes of the momentum flux gradually augments with the hole size due to short durations at the large hole sizes and the relatively high magnitude of the events. Figure 7 shows that the inward interaction has the largest stress magnitude near the water surface (y/h = 0.65) where Reynolds stress has the maximum negative value at the central axis of flume. Also, this figure shows that for large hole sizes near the bed, all of four interactions have nearly the same magnitude. However, for low hole size ejection and sweep, the Reynolds stresses have larger magnitudes. On the other hand, the results illustrate that near the vegetated walls and at y/h = 0.13 where Reynolds stress sign is negative; all four events have large magnitudes with light dominance of the inward and sweep. Near the bed and for the large hole sizes, all of interactions reveal nearly the same magnitude; however, for low hole size, ejection shows the largest stress magnitude; near the water surface, the inwards play dominant role regardless of the hole sizes.
CONCLUSIONS
Effect of pressure gradient in gravel-bed streams with vegetated banks on flow structure is a challenging problem for river engineers and needs to be considered in practice. To better understand this effect, a laboratory study was conducted in a flume with gravel bed and rice stems over the vertical walls under favorable pressure gradient. Following results were found:
By means of quadrant analysis, detailed statistical features of coherent structures have been investigated. Results of the quadrant analysis clearly demonstrate that all events within a bursting cycle contribute to the flow over gravel bed with vegetated vertical flume walls. For a hole size of H = 0 and near the gravel bed, the contributions of sweeps and ejections are more important than those of the outward and inward interactions at the central axis of the flume. Near the water surface, however, the effect of the outward and inward interactions clearly dominates.
The changes in hole size cause difference between contributions from sweep and ejection and contribution from the outward and inward near the bed. However, no effect is observed near the water surface. The normalized quadrant magnitudes of the momentum flux augment with the hole size due to short durations at the large hole sizes and the relatively high magnitude of the events.
The stress fraction receives more contribution from the sweep and ejection close the vegetated walls, revealing no negative values of Reynolds stress near the water surface and close the vegetated walls.
The smaller exuberance ratio (E.R) close to zero causes a positive sign of Reynolds stress but illustrates a negative sign for E.R >1 and Reynolds stress values near the water surface at the central axis of flume. On the other hand, the positive values of the exuberance ratio (E.R. > 1) near the vegetated walls display negative sign of Reynolds stress.
A relatively large fraction (50%) of the total stress occurred in a small fraction of the total duration (10%) near the bed and the central axis of flume. However, near the vegetated walls and close to the bed, the majority of the stress fraction is due to the events occurring 80% of duration.
Results of this research clearly show that the interaction of favorable pressure gradient (accelerating flow) and vegetated banks plays a dominant role on Reynolds stress, turbulence intensities and shear velocity. Application of the present research results will lead to better estimation of several important parameters in river engineering studies including drag coefficient and sediment transport parameters in gravel-bed rivers.
